We report on a novel strategy for the detection of mRNA targets derived from Cryptosporidium parvum oocysts by the use of oligonucleotide-gold nanoparticles. Gold nanoparticles are functionalized with oligonucleotides which are complementary to unique sequences present on the heat shock protein 70 (HSP70) DNA/RNA target. The results indicate that the presence of HPS70 targets of increasing complexity causes the formation of oligonucleotide-gold nanoparticle networks which can be visually monitored via a simple colorimetric readout measured by a total internal reflection imaging setup. Furthermore, the induced expression of HSP70 mRNA in Cryptosporidium parvum oocysts via a simple heat shock process provides nonenzymatic amplification such that the HSP70 mRNA derived from as few as 5 ؋ 10 3 purified C. parvum oocysts was successfully detected. Taken together, these results support the use of oligonucleotide-gold nanoparticles for the molecular diagnosis of cryptosporidiosis, offering new opportunities for the further development of pointof-care diagnostic assays with low-cost, robust reagents and simple colorimetric detection.
The obligate intracellular protozoan parasites of the genus Cryptosporidium cause the diarrheal illness termed cryptosporidiosis (24) . Approximately 30% of adults in high-income countries and nearly all adults in resource-poor countries have serologic evidence of prior infection with this organism. However, only a small minority of people have ever been diagnosed with clinical disease. This is thought to stem from the underutilization and poor sensitivities of current diagnostic tests. For example, in the outbreak in Milwaukee, WI, in which over 400,000 people developed diarrhea associated with contamination of the water supply with Cryptosporidium parasites, fewer than 1,000 cases were confirmed on the basis of stool examination (although nearly all individuals tested developed antibodies to the organism) (3) . Studies employing sensitive assays (e.g., PCR) have greatly increased the ability to recognize the burden of cryptosporidiosis. For example, Cryptosporidium DNA was found in the stools of 20% of South African children with diarrhea and three-fourths of Ugandan AIDS patients with diarrhea (18, 22) .
The detection of oocysts in stool samples has served as the traditional basis for diagnosis. The organisms are usually overlooked by direct examination in the absence of special stains. Acid-fast stains (including modified the Ziehl-Neelsen and auramine O stains) or fluorescent dyes coupled to monoclonal antibodies (for the immunofluorescent-antibody test [IFAT] ) are used in the standard assays used in clinical laboratories. The sensitivity of stool examination by acid-fast staining remains poor and requires an oocyst concentration of over 500,000 per ml in formed stools (23) , with fewer cases being detected by acid-fast staining than by fluorescent methods (1, 12) . IFAT has been reported to be up to 10 times more sensitive than acid-fast staining (5, 7, 10) . Currently, the IFAT staining method is the "gold standard" for the microscopic examination of infected stool samples (2) .
Microscopy-based methods are increasingly being replaced with techniques that rely on molecular recognition for the specific targeting of the pathogens of interest. The enzymelinked immunosorbent assay (13) and PCR (16) techniques have further improved the sensitivity and specificity of detection compared to those obtained by microscopic examination. However, these newer methods have limited applicability to point-of-care use or low-resource settings due to reagent and instrumentation costs, infrastructure needs, and the need for operator training. Rapid diagnostic tests for Cryptosporidium parasites, such as lateral-flow assays (8), have not been proven to be reliable alternatives to the existing methods.
Recently, a simple colorimetric detection method that relies on the distance-dependent optical properties of oligonucleotide-functionalized gold nanoparticles has been described (6) . This strategy offers a simple readout (a color change that can be visually monitored) and utilizes low-cost and robust reagents that have promising potential for point-of-care molecular diagnostics. Previous work has demonstrated that the color change associated with the target-induced formation of oligonucleotide-gold aggregates can be effectively monitored by spotting the solution on a glass slide illuminated via total internal reflection (20) . The limit of detection of this approach for the detection of purified DNA from methicillin (meticillin)-resistant Staphylococcus aureus was previously shown to be Ͻ10 5 bacteria (20) . In the study described here, we demonstrate the detection of Cryptosporidium parvum oocysts using oligonucleotide-functionalized gold nanoparticles targeted against heat shock protein 70 (HSP70) DNA and RNA and this novel detection strategy. One advantage of targeting HSP70 is the ability to induce mRNA amplification by the use of a simple heating process that does not involve more complicated PCR-based amplification. We hypothesize that simple amplification (via the heat shock process) of targets present at very low copies (low zeptomole concentrations) in biological samples will facilitate the detection of the desired targets that are present at levels within the limit of detection of the gold aggregation assay.
MATERIALS AND METHODS
Detection strategy. Figure 1A shows the overall detection strategy used in the study. That strategy relies on the formation of oligonucleotide-gold networks upon hybridization to target DNA or RNA. In this scheme, two sets of gold nanoparticles are functionalized with oligonucleotides that are complementary to adjacent sequences present on the nucleic acid target (Fig. 1B) . If the target sequence is added to a solution containing the oligonucleotide-functionalized gold nanoparticles, complementary binding occurs, forming a network of oligonucleotide-gold nanoparticles. The target-induced aggregation results in a colorimetric or spectral shift due to the change in surface plasmon resonance as a result of the close proximity of the gold nanoparticles. The color change (from green to red) can then be visualized when the samples are spotted on a waveguide coupled to a total internal reflection setup (Fig. 1C) .
Preparation of oligonucleotide-functionalized gold nanoparticles. Colloidal gold nanoparticles (particle diameter, 50 nm; 4.5 ϫ 10 10 particles per ml) were obtained from Ted Pella, Inc. (Redding, CA). Two sets of modified oligonucleotides were obtained from Integrated DNA Technologies (Coralville, IA) and had the sequences shown in Table 1 . The oligonucleotide probes were functionalized with thiol groups (carbon 6 S-S), hexaethylene glycol (18-atom), and poly(A) (15-nucleotide) spacers, followed by a 21-nucleotide sequence complementary to adjacent sequences of the HSP70 nucleic acid targets. To functionalize the gold nanoparticles, the modified oligonucleotides (50 l, 100 M) were reduced with an ϳ20-fold molar excess of Tris(2-carboxyethyl)phosphine hydrochloride (Pierce Chemicals, Rockford, IL) for 30 min and added to 1.0 ml of 50-nm-diameter colloidal gold nanoparticles. The oligonucleotide-gold conjugates were slowly aged by increasing the concentration of phosphate-buffered saline (PBS) for 24 h until a 1ϫ PBS concentration was reached. Excess oligonucleotides were removed by centrifugation (two times) of the conjugates at 12,000 ϫ g for 30 min. The oligonucleotide-gold probes were resuspended in 1ϫ PBS to a final concentration of 100 pM. The concentration of oligonucleotidegold probes was determined from UV-visible spectroscopy measurements (Cary 50 spectrometer; Varian, Inc., Palo Alto, CA) at a wavelength of 520 nm. These absorbance values were then related to the nanoparticle probe concentration by using Beer's law (A ϭ εbc, where A is absorbance, ε at 520 nm is 1.6 ϫ 10 10 M
, b is the path length of the sample, and c is the concentration of compound in solution) and the molar absorptivity for 50-nm gold nanoparticles (20) . The surface loading of oligonucleotides per 50-nm gold nanoparticle was not directly measured in this study but has previously been established to be approximately 50 pmol/cm 2 by the use of similar conjugation protocols (11) . The oligonucleotide-coated gold probes were stable at room temperature for at least 6 months.
Preparation of DNA and RNA targets with increasing complexity. The oligonucleotide-gold probes designed for the detection of the Cryptosporidium HSP70 targets were evaluated by testing the assay with various targets of increasing complexity, including short 42-nucleotide single-stranded DNA (ssDNA) and single-stranded RNA ( Table 1 . The synthetic targets are present in the HSP70 sequence starting at position 1214. The Cryptosporidium DNA target (312 bp) corresponding to HSP70 (GenBank accession no. U69698) was obtained by RT-PCR with the Superscript one-step system (Invitrogen) and a 0.5-g template of total RNA purified from 5 ϫ 10 6 C. parvum parasites. The conditions for the RT-PCR were 50°C for 15 min; 94°C for 2 min; 40 cycles at 94°C for 15 s, 60°C for 30 s, and 72°C for 30 s; and 1 cycle at 72°C for 10 min. The Cryptosporidium RNA target was obtained by total RNA purification of 5 ϫ 10 6 C. parvum parasites. The DNA and RNA targets from Entamoeba dispar were used as control targets. The Entamoeba DNA target (1,535 bp) corresponding to HSP70 (GenBank accession no. XM_001735280.1) was obtained by RT-PCR from total RNA purified from E. dispar parasites. The conditions for the RT-PCR were 50°C for 15 min; 94°C for 2 min; 35 cycles at 94°C for 15 s, 55°C for 30 s, 72°C for 2 min; and 1 cycle at 72°C for 10 min. The primers used in the RT-PCR for the detection of C. parvum and E. dispar parasites are shown in Table 1 .
Lastly, total mRNA targets from C. parvum oocysts were purified by the standard protocol provided with the Dynabeads mRNA direct kit (Invitrogen). A 10-l aliquot of various concentrations of oocysts (0 to 1.0 ϫ 10 6 oocysts) was initially heat shocked at 42°C for 20 min. The lysis buffer from the kit was then added, and the heat-shocked oocysts were then lysed by freeze-thaw (five cycles of placement in 95% ethanol-dry ice and then placement in a 65°C water bath at 1-min intervals). After lysis, the released mRNA was then purified by using oligo(dT) magnetic particles, on the basis of the standard protocol provided with the kit. The mRNA bound on the magnetic beads was released by heating the solution (10 l) at 70°C for 2 min, resuspended in ice-cold 10 mM Tris-HCl buffer, and immediately placed on ice prior for use in the aggregation assay.
Aggregation assays with oligonucleotide-functionalized gold nanoparticles. We adapted the method of detection of genomic DNA from methicillin-resistant Staphylococcus aureus bacterial samples (20) with slight modifications. One modification involved the elimination of Mg 2ϩ from the hybridization mixture since Mg 2ϩ enhances the hydrolysis of mRNA in the presence of divalent ions (15). Our results suggest an improvement in the limit of detection of 2 to 3 orders of magnitude in the absence of Mg 2ϩ divalent ions from the hybridization buffer (data not shown). For the 42-nucleotide ssDNA and ssRNA targets: 3 l of gold nanoparticles functionalized with probe A (50 pM) and 3 l of gold nanoparticles functionalized with probe B (50 pM) were mixed with 4 l of hybridization mixture (a stock solution of 16% dextran sulfate, 20% formamide, and 3.75 mM MgCl 2 for DNA and the same solution ingredients but no MgCl 2 for RNA). Five microliters of the DNA or RNA targets at various dilutions was then added to the solution containing gold nanoparticles functionalized with probes A and B and the hybridization mixture. The solution was initially heated above the melting temperature (70°C) for 2 min in a thermocycler (Bio-Rad), incubated in a 37°C water bath for 20 min, and then brought down to room temperature and allowed to react for 1 to 2 h. For the HSP70 dsDNA target (from the RT-PCR) and RNA target (from total RNA purification), 0.6 l of gold nanoparticles functionalized with probe A (25 pM) and 0.6 l of gold nanoparticles functionalized with probe B (25 pM) were mixed with 0.8 l of the hybridization mixture (no MgCl 2 for RNA). One microliter of the DNA or RNA target at various dilutions was added to the solution. The solution was heated above the melting temperature (70°C for 15 min for RNA, 95°C for 2 min for DNA), incubated in a 37°C water bath for 20 min, and then brought down to room temperature and allowed to react for 1 to 2 h. For the HSP70 mRNA targets derived from C. parvum oocysts, 3 l of gold nanoparticles functionalized with probe A (10 pM) and 3 l of gold nanoparticles functionalized with probe B (10 pM) were mixed with 4 l of the RNA hybridization buffer. Five microliters of the purified mRNA from C. parvum was then added to the solution containing gold nanoparticles functionalized with probes A and B and the hybridization mixture. The solution was initially heated above the melting temperature (70°C) for 15 min in a thermocycler (Bio-Rad), incubated in a 37°C water bath for 20 min, and then brought down to room temperature and allowed to react for 1 to 2 h.
Imaging of oligonucleotide-gold networks. To confirm the presence or absence of oligonucleotide-gold networks, a 1-l aliquot from the aggregation assay mixture (containing the targets and oligonucleotide-functionalized gold nanoparticles) was spotted on aldehyde-coated glass slides (Cel Associates). The slides were then coupled to a light guide illuminated with a halogen light source (Edmund Optics) to generate evanescent waves and allow total internal reflection. The total internal reflection images were then obtained with a chargecoupled-device color camera (MRC5; Zeiss) mounted on a standard stereoscope (SZ61; Olympus). By using ImageJ image analysis software (17), the color images were separated into red, green, and blue color channels. Triplicate regions of interest were randomly selected within each assay spot, and the average intensity of the red channel was measured in each region of interest. For statistical analysis, data were exported to the Microsoft Excel program with Analyze-It software (Analyze-It Software Ltd., Leeds, United Kingdom). A one-way analysis of variance (ANOVA) test was performed to compare the mean red spectral intensity for experimental samples containing target nucleic acid from the negative controls. ANOVA P values of less than 0.05 were accepted as statistically significant. Image contrast and saturation were adjusted for visualization and printing purposes only and were applied universally to all image panels in each of Fig. 2 to 5 .
RESULTS
Using the oligonucleotide-tagged gold nanoparticle detection scheme illustrated in Fig. 1 , we explored the analytical performance of the C. parvum aggregation assay with DNA and RNA targets of increasing complexity. Figure 2 provides representative total internal reflection images of slides spotted with assay aggregates identifying the 42-nucleotide ssDNA and ssRNA synthetic targets, which were present at various amounts ranging from 0 to 100 pmol. For both the DNA and the RNA target sequences, the formation of the oligonucleotidegold nanoparticle networks was confirmed via a color change from green (the absence of the target) to red (the presence of sufficient amounts of target) with a detection limit of ϳ10 amol, or 6 million copies. Increases in the target amount from 10 amol to 100 pmol were not associated with a greater signal intensity under the assay conditions used.
dsDNA targets obtained by RT-PCR amplification and ssRNA targets obtained by the purification of total RNA were also subjected to the aggregation assay. The formation of a red color in the presence of HSP70 DNA and RNA targets from C. parvum oocysts again confirmed the gold nanoparticle aggregation and the successful detection of target nucleotides, while in the absence of DNA or RNA targets, a green color associated with unaggregated oligonucleotide-gold nanoparticles was observed (Fig. 3) . Moreover, negative control HSP70 DNA and HSP70 RNA targets from E. dispar also exhibited a persistent green color due to the absence of regions complementary to the oligonucleotide-gold nanoparticles.
To further assess the specificity of the oligonucleotide-gold nanoparticles, a BLAST analysis of the complementary regions (42 nucleotides) of the HSP70 target was performed. The sequence was found to be conserved in other species of Cryptosporidium parasites, including C. hominis, that commonly infect humans and that also cause cryptosporidiosis (data not shown). No cross-reactivity (E value, Ͻ5eϪ07) was observed for other common intestinal parasites, suggesting that the current probe design will likely detect other infectious Cryptosporidium species with a high degree of specificity.
The use of the heat shock process to induce the expression of HSP70 mRNA targets in viable purified C. parvum oocysts was next examined. By RT-PCR, a 6.9-fold induction of HSP70 mRNA was demonstrated by the use of heat shock treatment for 30 min at 42°C (Fig. 4A) . This biologically amplified HSP70 mRNA was also detected by the gold aggregation assay, as evidenced by the formation of a more intense red color when mRNA targets from heat-shocked C. parvum oocysts were used than when untreated oocysts were used (Fig. 4B) . The ability of the oligonucleotide-gold probes to target purified FIG. 2. Total internal reflection images of synthetic DNA (A) and RNA (B) targets at various dilutions subjected to the aggregation assay and corresponding bar graphs of the measurable signal intensity in the red channel determined by the use of ImageJ software. Each spot is approximately 1.5 mm in diameter and has been resized to fill the full field of view. Image contrast and saturation were adjusted equally for all image panels for visualization and printing purposes only. ‫,ء‬ a statistically significant difference in the mean signal intensity compared to that for the negative control with no target DNA or RNA, as determined by a one-way ANOVA (P Ͻ 0.05).
FIG. 3.
Total internal reflection images of dsDNA targets (HSP70 from RT-PCR) and ssRNA targets (from total RNA purification) from C. parvum oocysts subjected to the aggregation assay. The specificity of the oligonucleotide-gold probes was tested with E. dispar DNA and RNA targets. The amount of DNA and RNA targets used in each case was adjusted to ϳ10 fmol. mRNA harvested from various dilutions of purified C. parvum oocysts was explored by using the heat shock treatment. As shown in Fig. 5 , nanoparticle aggregation was demonstrated by the formation of a red hue (Fig. 5A) , with as few as 5,000 copies of purified C. parvum oocysts successfully being detected ( Fig. 5B ) (P Ͻ 0.01).
DISCUSSION
In this study, we demonstrated a method for the detection of HSP70 mRNA targets from C. parvum oocysts using an oligonucleotide-gold aggregation assay with a simple colorimetric readout and imaging modality. The oligonucleotide-gold nanoparticle probes (21 nucleotides each) were complementary to two adjacent target regions (ϳ42 nucleotides) on the HSP70 mRNA from C. parvum (2,495 nucleotides) which are not expected to cross-react with other organisms. The detection method with oligonucleotide-gold nanoparticles was initially tested with short synthetic ssDNA and ssRNA targets to determine the limit of detection of the assay, which was approximately 10 amol (Fig. 2) . This value is lower by 2 to 3 orders of magnitude compared to that of fluorescence-based methods.
Interestingly, the presence of additional amounts of the target, at concentrations above 10 amol, did not result in a measurable increase in the intensity of scattering in the red channel of the aggregation assay (Fig. 2) . Additional studies are necessary to fully characterize the dynamic range of the assay and its sensitivity to variations in assay conditions. A number of factors can influence the optical properties of the gold nanoparticle networks, including the target-to-probe ratio and the minimum number of gold nanoparticle probes needed in order to obtain a measurable signal. Under the assay conditions reported here, the increased red scattering in the total internal reflection images provides an indication of whether the amount of target DNA and RNA exceeds a threshold. This is consistent with previously published results, which also suggest that the use of spectroscopy as an alternative to total internal reflection imaging may prove useful for quantitating the target and increasing the sensitivity and dynamic range of the assay (20) . Future studies are needed to explore the use of spectroscopy and to optimize the target-to-probe and probe-to-probe ratios in order to characterize and extend the dynamic range and sensitivity of nanoparticle-based assays for the detection of C. parvum.
In addition to synthetic DNA and RNA targets, the detection strategy with oligonucleotide-gold nanoparticles was able FIG. 4 . The induction of HSP70 mRNA using the heat shock process was confirmed by real-time PCR assay (A) and the gold aggregation assay (B). The amount of oocysts subjected to heat shock for the aggregation assay was ϳ50,000. Ct, threshold cycle.
FIG. 5. Total internal reflection images of mRNA harvested from C. parvum oocysts (heat shocked) subjected to the aggregation assay (A) and the corresponding signal intensity in the red channel measured by use of ImageJ software (B). ‫,ء‬ a statistically significant difference in the mean signal intensity over the that for negative control (0 oocysts, no target) by a one-way ANOVA (P Ͻ 0.01).
to detect longer target sequences in amplified dsDNA and purified RNA derived from C. parvum oocysts (Fig. 3) . Furthermore, when they were tested against DNA/RNA targets from other pathogenic microorganisms, such as E. dispar, the oligonucleotide-gold nanoparticle probes designed for the detection of Cryptosporidium species did not exhibit a color shift, indicating no gold nanoparticle networks formed in the presence of nonspecific DNA and RNA. BLAST analysis further confirmed that the probes are highly specific to Cryptosporidium species and do not show signs of cross-reactivity with other intestinal parasites.
The aggregation assay also successfully demonstrated an ability to detect purified HSP70 mRNA from purified C. parvum oocysts in the absence of enzymatic amplification. Previous work has demonstrated the detection of HSP70 mRNA from Cryptosporidium parasites for various downstream applications, including RT-PCR (19) and nucleic acid sequencebased amplification (4) isothermal amplification assays. HSP70 mRNA was chosen as the target for various reasons. First, the production of HSP70 mRNA can be induced by simple heating, therefore providing an inherent biological amplification of the desired target. Previous studies indicate a 1,000-to 10,000-fold increase in the amount of HSP70 mRNA recovered from Drosophila species under heat stress (14) . Second, HSP70 mRNA is a good indicator of oocyst viability; only viable oocysts will produced HSP70 mRNA by the use of heat shock (9, 19) . Third, previous studies suggest that the half-life of HSP70 mRNA (ϳ50 min) extracted from human cell lines (HeLa and 283 cells) is increased at least 10-fold upon heat shock, suggesting the increased stability of the targets (21) . Lastly, other HSP targets can easily be identified from other related parasites (Giardia, Entamoeba, Cyclospora, and Isospora species), allowing the potential for the multiplexed detection of these agents by use of the heat shock process for target amplification and the aggregation assay for detection. In summary, the strategy of using the heat shock process for amplification and the aggregation assay for detection showed the ability to detect HSP70 mRNA purified from as few as 5,000 oocysts (Fig. 5) .
Conclusion. Having demonstrated in the present study the functionality of the gold nanoparticle aggregation assays for the detection of purified C. parvum oocysts, further studies to define the assay performance and the limit of detection in clinically relevant stool samples are now warranted. In those studies, we will explore various methods of concentrating the oocysts from stool specimens. The most common preconcentration method involves the use of size-selective membranes, followed by the ethyl acetate sedimentation technique. The use of magnetic separation is also another interesting approach for the purification of oocysts by the use of immunomagnetic techniques. In both cases, the rate of recovery of the target specimens is not well established since it is not critical for currently used downstream applications (PCR based) due to amplification of the targets. The gold nanoparticle strategy proposed here will require high recovery rates to maximize the analytical sensitivity of the assay. If it is needed, an alternative assay approach could integrate additional amplification techniques, such as isothermal PCR, prior to the formation of DNA-linked nanoparticle networks and the detection of amplified products by the simple colorimetric-based aggregation assays.
